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A WASSERSTEIN GRADIENT FLOW APPROACH
TO POISSON-NERNST-PLANCK EQUATIONS

DAvID KINDERLEHRER!, LEONARD MONSAINGEON? AND XIANG XU?

Abstract. The Poisson—Nernst—Planck system of equations used to model ionic transport is inter-
preted as a gradient flow for the Wasserstein distance and a free energy in the space of probability
measures with finite second moment. A variational scheme is then set up and is the starting point of
the construction of global weak solutions in a unified framework for the cases of both linear and nonlin-
ear diffusion. The proof of the main results relies on the derivation of additional estimates based on the
flow interchange technique developed by Matthes et al. in [D. Matthes, R.J. McCann and G. Savaré,
Commun. Partial Differ. Equ. 34 (2009) 1352-1397].
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1. INTRODUCTION

The Poisson—Nernst—Planck (PNP) system of equations [18,24] is the principal description of ionic transport
of several interacting species. It has been applied in a number of contexts ranging from electrical storage devices
to molecular biology, at times coupled to Navier—Stokes or other systems.

The basic system is to find u(t,z) > 0 and v(t, z) > 0 satisfying

Oyu = Au™ + div (uV (U + 1)),
O = Av™ +div (vV (V =),  t>0,xz€R d>3, (1.1)
—AYp =u—w,
for some suitable initial conditions u|;—o = u® and V|i=0 = v°. The unknowns u and v represent the density of

some positively and negatively charged particles. Here m > 1 is a chosen fixed nonlinear diffusion exponent.
Note that (1.1) formally preserves the L' mass

/Rd u(t, z)de = /Rd u’(z)dz  and /Rd o(t, z)de = /Rd WO (z)dz
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for all ¢ > 0, which physically represents the conservation of total charge of the individual species. For initial
masses fRd u(z)dr = fRd v%(z)dz, a simple rescaling of time and space allows normalization of masses to unity,
and without loss of generality we consider u(t, z), v(t, ) to be probability densities. The external potentials U (x)
and V(z) are prescribed and sufficiently smooth. ¢(z) from the Gauss Law is the self-consistent electrostatic
potential created by the two charge carriers according to the last equation in (1.1). The first two equations
in (1.1) are called Nernst—Planck equations and describe electro-diffusion and electrophoresis according to the
Fick and Kohlrausch laws, respectively, while the last equation in (1.1) corresponds to the electrostatic Poisson
law. The boundary condition for this coupling equation will always be understood in the sense of the Newtonian
potential: we shall always implicitly write

—Ap=u—-v & P=Gxu—v)=(—A)"u-0), (1.2)

where
1

d(d - 2)wd

is the fundamental solution of —A in R? and w, the volume of the unit ball in R? (for d > 3).

In some PNP models, an extra background doping profile C'(x) is considered resulting in the modified potential
— Ay = u — v+ C. With suitable assumptions on C(z) this can be easily eliminated replacing the external
potentials U by U + ¢¢ and V by V — 9, where o = (—=A)71C.

There is a vast literature on well-posedness and long time behavior of the system (1.1). We refer to [6,13,14,17]
and references therein for bounded domains, and [3,4,7,12,21] for the whole space problem. Different from these
papers, our contribution is to show that the system of equations (1.1), governing drift, diffusion and reaction of
charged species, possesses a gradient flow structure as viewed on the metric space of probability measures on R?
endowed with the quadratic Wasserstein distance, in essence the weak-* topology (see also [28,31,36] for various
discussions). Therefore, variational methods may be introduced to prove global existence of weak solutions (see
definition below). Motivation for this in terms of energy dissipation is offered below. Also, we provide a unified
framework both for linear m = 1 and nonlinear m > 1 diffusions. To the best of our knowledge well-posedness
in the whole space for m > 1 usually requires either high integrability of the initial data or initial gradient
regularity. We would like to stress that we need here no such hypotheses and that our result merely requires
some low initial integrability, defined in terms of the diffusion exponent m > 1 and dimension d > 3 only (which
we think is sharp, see discussion after the proof of Prop. 4.4). Also, we do not need compatibility conditions
between m > 1 and d > 3. This is in contrast with the Patlak—Keller—Segel chemotaxis models [9, 10], for
which critical mass phenomena may occur depending on whether m is larger or smaller than the scale-invariant
exponent m,(d) = 2 — 2, see e.g. [8] for the critical parabolic-parabolic case. This is mainly due to the fact
that the self-induced drifts are repulsive here, while they are self-attractive in the Keller—Segel models, thus
leading to aggregation and blow-up in finite time.

It was shown in [16,30] that certain scalar diffusion equations can be interpreted as gradient flows in metric
spaces and the literature concerning this issue is steadily growing (see [2] and references therein). It is thus a
question of great interest to apply such ideas to study systems of equations. In contrast, there are only a few ex-
amples for systems. For related studies, we refer to [8-10,15,20,22,25,37], where the energy functional is involved
with the Wasserstein metric and existence theorems using a minimizing movement scheme for corresponding
evolution problems are presented.

In [16], the linear Fokker—Planck equation

G(z) ==

|1,|27d

Op = o Ap + div(pVy)

is regarded as the gradient flow of a free energy consisting of the Boltzmann entropy with a potential ¢,

F(p) = /Rd(w + oplog p) dz,
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with respect to the quadratic Wasserstein metric. There may be many Lyapunov functions associated to a dif-
ferential equation. The result of [16] means that dissipation for the free energy F determines the Fokker—Planck
Equation. The same idea was later employed in [30] and, in addition, to derive long-time asymptotics for the
Porous Medium Equation (PME). Since the system (1.1) can be viewed as two Fokker—Planck equations (when
m = 1) or Porous Medium equations (when m > 1) in u,v coupled by means of a Poisson kernel, we are
motivated to extend these ideas to study our coupled system. Inspired by [30] and [35], we shall in fact discover
that the PNP system can be seen as a gradient flow driven by the free energy

2
E(u,v) ::/ (ulogu+vlogv+uU—|—vV+ |V;M )dx if m=1,
Rd
m m 2
S(u,v)::/ ( 4 —|—U——|—uU—|—UV—|—| ¢> x if m> 1. (1.3)
Rd m—1 1

We further motivate this approach informally by discussing the relationship between the dissipation relation and
the weak-* topology in terms of the Wasserstein—Rubinstein—Kantorovich distance, or simply the Wasserstein
distance. We follow [36] and consider for illustration the case m = 1. Set

o(u,v) =ulogu +vlogv +ulU + vV + %\VMQ, so that
E(u,v) :/ o(u,v)dz.
Rd

Given a process or an evolution (u(t),v(t)), during an interval (T, T + h) the change in energy is

T+h
S(u,v)’ﬂ_h —/T /]Rd Eap(u,v)dxdt = &(u,v) . (1.4)

This, (1.4), is the dissipation equality or inequality and the density of the middle term

d
D= —/Rd 7% o(u,v)de (1.5)

is the dissipation density along the trajectory. Writing

du dv

il 1.
dtw(uw) TS (1.6)

we must ascribe a meaning to
du dv

dt’ dt
to render the system dissipative, that is, so that (1.5) is positive. To begin we calculate the terms in (1.6).
Keeping in mind (1.2), one checks that

5 (5170R) = v and 3 (51902) = -0,

ou(u,v) =logu+ U+ +1and ¢, =logv+V — + 1.

which leads to

Let us now employ the Poisson—Nernst—Planck equations (1.1). Substituting into (1.5) and integrating by parts

gives
2
v} dx

2
D= {‘@+V(U+w) u+‘E+V(V—w)
Rd u v
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Introduce

w= (T4 +0) md o= (V00 so that

uy + div(wu) =0 and vy + div(wv) = 0.

T-+h T-+h T+h
/ Ddt:/ / \w\zudxdt—l—/ / |w[Pvdadt
T T R4 T R4

where the pairs (u, w), (v,w) satisfy the continuity equations (1.7). This represents a trial in dy, the quadratic
Wasserstein metric, using the Benamou—Brenier formulation [5], where

We have that

T+h
u|T+h,u|T 1nf/ /Rd |w|*udzdt and

T+h
2
—dw (v ’T+h,v’T mf/ /Rd |w|*vdadt

taken over all pairs (u,w) and (v,w) satisfying the continuity equations

1
h
1
h

ut + div(wu) =0 and vy + div(wv) = 0, and the initial and terminal conditions.

The calculation shows that the dissipation relation (1.7) for £ and the PNP system are closely related to the
Wasserstein distance. We could write, in fact,

il + (0] 0]+ E )] < E 0
suggesting an implicit scheme which leads to a gradient flow. This is nearly correct. As is well-known, a factor
of 1/2 must be inserted; see below (1.8).

We now turn to the precise formulation. Denoting P(R%) the set of Borel probability measures on R? with
finite second moments and dy the quadratic Wasserstein distance as before, the underlying space will be here
(u,v) € P(RY) x P(R?) and will inherit a natural differential structure from that of (P(R?), dy) — see Section 2
for details. The total free energy (1) is a combination of the well-known internal (diffusive entropy) and potential
energies for each species, and, although unclear at this stage, the coupling Dirichlet energy % fRd |V|2da falls
into the category of so-called interaction energies. See [35] for an introduction.

Following [16], we shall construct weak solutions z = (u,v) as follows. Given suitable initial data 20 =
(u®,v%) and some small time step h € (0,1) we first construct a discrete sequence {z,(l")}neN solution to the
Jordan—Kinderlehrer—Otto or JKO implicit scheme

A=
(

(1.8)

1
h"+1) € ArKng?Cin { %d2(~, z,(l")) + 5()} .
Here £(z) = E(u,v) is the total free energy (1), d? is the (squared) distance on the product space inherited from
dy, and IC C P the set of admissible minimizers defined later on. As is classical by now, one obtains interpolating
solutions {zp(t)}n = {un(t), zn(t)}1 defined for all ¢ > 0, piecewise constant in time, and satisfying a coupled
system of two Euler—Lagrange equations. We shall then prove that as h — 0 one recovers a weak solution
(u(t),v(t)) = 2(t) = }llli% zp(t) of (1.1). There are several challenges in this program.

In handling the [, |V|? dz coupling term, some intrinsic difficulties arise due both to the specific Poisson
kernel and to the nonscalar setting. First, as neither the external potentials nor G are convex the free energy &
is not displacement convex in the sense of McCann [27] and we cannot simply apply the standard procedures
as in [2]. Secondly, due to the singular nature of the kernel G(z) = C/|z|%~2 both the existence of minimizers
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in (1.8) and derivation of the corresponding Euler—Lagrange equations become delicate, see in particular the
discussions in Propositions 3.2 and 4.4 for details. In order to tackle this issue we used the “flow interchange”
technique that originates in [26] and was later used in [8,22] to obtain some integrability improvement and
gradient regularity of the minimizers, see Propositions 3.5 and 3.6 below. The highlight of the argument is the
propagation of initial L?(R%) regularity established in Proposition 3.5. In addition to being technically essential
here, this propagation of initial regularity allowed us to obtain a natural L>°(R%) estimate (see Thms. 2.3—2.4),
which to the best of our knowledge was unknown for the PNP system in the whole space. We also believe
that the very same argument could be employed for similar problems in order to show propagation of initial
regularity, which is usually a delicate point in the mass transport framework.

The rest of the paper is organized as follows. In Section 2 we recall well-known facts in optimal transport theory
and briefly describe the differential structure of the product space. We then formally derive the Wasserstein
gradient flow structure of the system (1.1) and state the main existence results. In Section 3 we study the relevant
energy functionals, and establish improved regularity of their minimizers. In Section 4 we fix a time step h > 0
small enough and consider the minimizing scheme. We obtain approximate discrete solutions {up, vy}, and
derive the corresponding Euler—Lagrange equations. In Section 5 we take the limit =~ — 0 and show that the
convergence (u,v) = ’llli% (un,vp) is strong enough to retrieve a weak solution. This last section also contains

the proof of the main theorems.

Notation convention

Unless otherwise specified, (-, -) and - denote inner product of elements in R?, P denotes P(R?), and P*¢ denotes
Pac(RY). If clear from the context we shall often omit the subscripts m =1 or m > 1. If 1 < p < 00, we denote
by p' = p%l the conjugate Lebesgue exponent.

2. FORMAL WASSERSTEIN GRADIENT FLOW
From now on we assume that the external potentials are quadratic at infinity, i.e.

Crlaf? <U(x),V(x) < Ca(1+ [af?)
VU ()], [VV (z)| < C3(1 + |a) (2.1)
|AU|| oo ey, | AV || Lo (ray < Cu,

for some generic positive constants C;. Note that U,V need not be uniformly convex as is often assumed, so
that we allow here multiple wells. Although these assumptions on the potentials could be weakened we assume
here strict confinement C7 > 0 for the ease of exposition, and we do not seek optimal generality.

We also introduce the admissible set

oo d K= Po(RY) N L' log LY (R?) if m = 1, (2.2)
T K i= P(RY) N L™(RY) iftm>1, '
and for reasons that shall become clear later on we shall always consider initial data
u®, 00 € KN L™ (RY) for some ro > max{m,2d/(d+ 1)}. (2.3)

Essentially u®,v* € L™ N L2#/(4+2)(R9) ensures that the initial energy (u°,v°) is finite, while L2/ (¢+1)(R%)

regularity will ensure that the self-induced drifts uV¥,vV¥ € LY(R?) for all times. We believe that r =

max{m,2d/(d+ 1)} should be admissible, but for technical compactness issues we have to assume here slightly

better L™ (R%) integrability for some ro > r arbitrarily close. See the proof of Theorem 5.1 later on for details.
For p,u,v > 0 let us define the usual Boltzmann entropy

H(p) = / plog pdaz,
Rd
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the diffusion energy
Eaier(u,v) := / (ulogu + vlogv) dz if m =1 and
R

1

m/ (um—l—vm)dxifm>1
1 Jga

Smg(u,v)::
and the external potential energy

Eext(u,v) := /Rd(uU +oV)dx. (2.5)

Note that, with our assumptions, Egit, Eext are finite for all (u,v) € K x K. For ¢ = (=A) " (u—v) = G*(u—v)
we define now the coupling energy

1
Ean(u0) = 5 [ [V, (2.6)

which is the energy of the self-induced electric potential. Note that, at least formally,
[vpde= [ avpwde= [ w-0)Grw-vds
R4 Rd R4
—[[ =@ -yl vi(y) dody (27)
R4xR4

falls into the category of interaction energies

//RdXRd p(2) K (z,y)p(y)dady

treated in [35]. To sum up, the total free energy € = Egip + Eext + Ecpl is given by (1).
For given probability measures 1, v € P(R?) we denote the squared (quadratic) Wasserstein distance by

yeI (p,v)

G =t [ o= yPdre).
.

where I"(u,v) C P(RY x Rg) is the set of admissible joint distributions with x and y marginals u, v respectively.
We recall from [35] that (P,dw) is a metric space and that dy metrizes the weak convergence of measures.
When p € P§€ is moreover absolutely continuous with respect to the Lebesgue measure du(z) < dz, the square
Wasserstein distance can also be computed by the Benamou—Brenier theorem [5] as already noted.

Theorem 2.1 (Existence of optimal maps, [35]). Let u € P§¢(RY) and v € PI(R?). There exists a unique
optimal transport map T = Vi € L?(R%; du) for some conver function ¢ such that

v=Tyu: VI eC®, [ fa)avly) = [ FoT@ant

and

@2 (1, v) = / o = ) Pdu).

Our interest here is a system so we endow P(R?) x P(R?) with the natural product distance
d*(z,2") = diy (u,u) + diy (v, 0")

for all z = (u,v) and 2’ = (u/,v) in P x P. It is well-known [30,35] that (P, dw ) enjoys a natural differential
structure defined by means of continuity equations, so that our product space also has the same differential
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structure. This permits us to differentiate real-valued functions F on the product space, and defines the corre-
sponding Wasserstein gradient by the chain rule & 7(z;) = grady, F (zt).%. We show now that (1.1) is really
the gradient flow

dz

E:—gradwg(z)v 2(t) = (58)

In terms of ordinary calculus of variations, we recall that this is achieved by variation of domain or, in fluid
dynamical terms, by Lagrangian variations, [16]. To this end, let us split for convenience the coupling Poisson
equation —AyY =u — v as

. . Ay, =u < P, =G *xu,
¢—¢u—¢v with {_vazvﬁw,u:G*U.

Formally differentiating the diffusive energy (2.4) with respect to w (resp. v), a by now classical computa-
tion [30,35] leads to the Au™ (resp. Av™) term in (1.1). Similarly, differentiating the external energy (2.5) with
respect to u and v classically gives rise to V- («VU) and V- (vVV) in (1.1). In order to differentiate the coupling
term we first use the formal integration by parts (2.7) and then exploit the symmetry G(z —y) = G(y — ) to
expand

Eantwn) =5 [ u=l@)Gla —)u = vl(w) drdy

-3 /R (G *) + (G = )z — /R L M@GE = yu(y)dedy.

Differentiating with respect to wu, it is well-known [35] that the first integral gives the corresponding
V- (uV(G*u))+0=V-(uVi,) term. Rewriting the remaining cross term

—// qudw:—/ u(G*v)dw:—/ uth, dez,
R xRd R? R4

and noting that v, is independent of u, it is again well known that this term gives rise to —V - (uV1),). Summing
up we obtain V - (uV (¢, — 1)) = V - (uVe)) as in the first equation of (1.1). Similarly differentiating with
respect to v we obtain the —V - (vV1)) term appearing in the second component.

Though very general notions of solutions related to Energy Dissipation Equality (EDE) or Evolution Varia-
tional Inequality (EVI) can be used for abstract gradient flows in metric spaces, [1,2], we use the more direct
framework, introducing some features later for the implementation of the flow-interchange method.

Definition 2.2. A pair u,v : (0,00) x R — R¥ is a global weak solution if u,v € C([0,00); P), u(t),v(t) —
u®, v in (P,dw) as t \, 0, Vu™, Vo™, uVU, vVV, uVy and vV € L2(0,T; L*(R)) for all T > 0, and for
any fixed ¢ € C°(R?)

u(t,x)pdr = —/

(Vu™(t,z), V) dx—/ u(t, z)(VU, V) dx
Rd

E R4 R4

- [ utta)viit. o). Vo) (2:8)
and

d m
) /Rd v(t,x)pdr = — /Rd<Vv (t,x), Vo) da —/ o(t, ) (VV, V) dz

Rd

+ / v(t,x)(Vi(t, z), V) do (2.9)
Rd

hold in the sense of distributions D’(0, 00) with (¢, z) = G * [u — v](t, ) a.e. (t,x) € (0,00) x RY.
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We observe that L2 ([0, 00); L}(R9)) could be replaced by L} .((0,00) x RY) in the above definition, which is
enough for all the integrals in (2.8) and (2.9) to make sense. In any case the weak solutions constructed here
would still enjoy strong regularity in the end, and our choice of including the regularity in the definition of weak
solutions is purely practical.

In this setting our main result is

Theorem 2.3 (Existence of solutions for m > 1). Fiz m > 1 and initial data u®,v° as in (2.3). Then there
exists a global weak solution (u,v) with

u,v € L*(0, 00; L™RY) N LY RY, (1 + |z|?)dx))
Vi € L*(0, 00; L*(R))

m  m 2.10
u?,v? € L?(0,T; H'(RY)) (2.10)
u,v € L°°(0,T; LP(RY)), Vp € [1,2d/(d + 1)],

for all T >0, and

E(u(t),v(t)) < EW’, %) for a.e. t > 0. (2.11)
If we further assume that u®,v° € LP(RY) for some p € [1,00], then YT > 0,

1 (0 ige + Io0)len) < O (1ellogen + 11 sen). (2.12)

with

A = max {[| AU || L= gay, | AV || oo (ra) } - (2.13)

In the case of linear diffusion we have similarly

Theorem 2.4 (Existence of solutions for m = 1). The conclusions of Theorem 2.3 hold for m = 1 if we replace
u,v € L>(0,00; L™(R?)) in (2.10) by u,v € L>=(0,00; L log L*(R?)).

We would like to stress again that estimate (2.12) holds for p = oo, and was not known in the whole space as
far as we can tell. Since we interpret (1.1) as a gradient flow one could expect energy monotonicity £(¢) |. This
would immediately follow from (2.11) and uniqueness of solutions. Unfortunately due to the lack of regularity
and displacement convexity we were not able to prove uniqueness within the above class of weak solutions, and
therefore we only retrieve an energy upper bound.

It is worth mentioning that the gradient flow structure of the PNP system and the above theorems are also
valid in the bounded domain case, with some mild assumptions on the boundary and minor modifications of
the proofs. Suppose 2 C R is a smooth bounded and convex domain, and consider the physically relevant
boundary condition, that is, the no flux boundary condition

0 0 0
—“:—”:—wzo on 012, Ydax =0,
ov odv Ov 20
where v is the unit outward normal on 9f2. We also assume the external potentials satisfy
ou oV
o w0 omon

By [19] we know that the electrostatic potential can be represented as
o) = [ Naa)u- o)) dy.  Veeo

Here the (singular) kernel N (x,y) = N(y,z) serves as a counterpart of the Green’s function G(x — y) in R? for
the Newton potential. Then we may argue in a similar way that the PNP system formally possesses the gradient
flow structure, and the existence theorems can be proved in a similar but somewhat technically easier manner.
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3. STUDY OF THE ENERGY FUNCTIONALS

In this section we study various properties of the two relevant energy functionals, namely the total free
energy & and the functional (3.3) used in the JKO minimizing scheme. As already mentioned in the introduction,
we use the flow interchange technique to establish some improved regularity for the minimizers, which will turn
out to be crucial in the next sections.

For further use we recall here a particular case of the celebrated Hardy—Littlewood—Sobolev (HLS) inequality:

Lemma 3.1 (Hardy—Littlewood—Sobolev, [23,33]). In dimension d > 3 let w € LP(R?) and & = G * w. Then
(1) If 1 <p < d/2 there is a C = C(p,d) such that

HQB”Ld_ﬁ%p(Rd) < Cllwll e ray, (HLS-1)

while if p =1 there is a C = C(d) such that

H¢||Ldi2 RY) < Cllwl|pr (may- (HLS-2)

(2) If 1 <p < d there is a C = Cp q such that

IVl e, .. < Cllwllzo (HLS-3)
Since |G(x)| = m% and |[VG(z)| = ‘m‘% this is a particular case of well-known fractional integration results

for the Riesz potential I, f = II‘%‘* * f with @ = 2,1, and we refer to [23,33] for details. Here L9 (R?) denotes

the weak-L4 space and coincides with the usual Lorentz space L% (R?).
As an immediate consequence we have the following integration by parts formula:

Proposition 3.2. Let d > 3 and w € L*¥/(4+2)(R?). Then ® = (—A)"'w = G x w satisfies & € L*¥/(1=2)(R?),

V& € L2(RY), and
/ |VO|*dr = / dwdr = // w(z)G(x — y)w(y)dx dy. (3.1)
R4 R4 R xR

We shall use this later on with w = « — v in order to control ¢ = G * (u — v).

Proof. Taking p = 2% € (1,d/2) in (HLS-1)(HLS-3) we see that & € L?*¥/(4=2)(R) and V& € L*(R?). Since
(2d/(d +2)) = 2d/(d — 2) all the integrals in (3.1) are absolutely convergent and the last equality holds by
Fubini’s theorem. In order to retrieve the first equality we use approximation: if w,, € C>°(R?) converges to w in
L?4/(d+2)(R9) then by the HLS lemma &, — & in L?>¥(4=2)(R?) and V&, — V& in L*(R?). Since (3.1) holds
for smooth w,, € C° with —A®,, = w,, we conclude by letting n — oo. O

Back to our energy functional, we begin with a fairly standard type of result [9, 16]:

Proposition 3.3 (Energy lower bound). Let m > 1 and K as in (2.2). The total free energy € is a proper
functional on KK x KC and

inf &(u,v) > —o0.
KxK

Moreover we have in every sub-levelset {€(u,v) < R} that

(i) gradient control: ||V 2@me) < C
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(ii) no concentration: if m > 1 then

/ (W™ +ov™)dx < C,
Rd

while if m =1 then
/ (u|logu| + v|logv|)dz < C.
Rd

(iii) Mass confinement: [o. |z*(u+v)dz < C,

for some C > 0 depending on R > 0, the confining potentials, and m.

Proof. Choosing u, v smooth and compactly supported it is clear that £(u,v) < oo so £ is proper.

m > 1 : (i)-(ii) immediately hold because each term in (1) is nonnegative. (iii) then follows by [, (uU+vV)dz <

E(u,v) together with (2.1).
m = 1:if my(p) = [z [2[*pda denotes the second moment let us first recall [16] the Carleman estimate

H(p) > — /Rd p(logp)” dz > —C(1 +ma(p))*, p € P, (3.2)

for some C' > 0 and a € (0,1) depending on the dimension d only. By (2.1) we have Eexi(u,v) > Ci(ma(u) +
ma(v)), whence

Clma(u) +ma(v) — (1 +ma(u)® — (1 +ma(v))?]

< H(u) + H(v) +/ (wU +oV)de < E(u,v) < C.

Rd
Hence the second moments are bounded as in (iii). Then (i) and (ii) come immediately from (iii) and (3.2). O

For fixed z, = (ux,v4) € P x P, and given time step h > 0 we set

1
Fn(z) = ﬁdz(z,z*) + &(2), z = (u,v) € KL x K. (3.3)
In order to define later a discrete sequence of approximate solutions using the JKO minimizing scheme, we
collect here some properties of F}, and preliminary results.

Proposition 3.4 (Existence of minimizers). Fiz h > 0, and z, = (us,vs) € P x P. Then Fp, admits a unique
minimizer z = (u,v) € K x K.

Proof. By Proposition 3.3, F}, is bounded from below on I x K, hence there is a minimizing sequence zp =
(uk,vy) satisfying (1)—(iii) and {ug,vg}x are tight and uniformly integrable. By the Dunford—Pettis Theorem
one may extract a subsequence such that

up — u and vy — v in L'(R%),

and standard truncation arguments together with the uniform bounds on the second moments ensure that
u,v € P. The weak L' lower semi-continuity (1.s.c.) of the squared Wasserstein distance, diffusive and potential
energies are standard, in particular u,v € K. We prove in the appendix, Proposition A.1 that the Dirichlet
energy is lower semicontinuous with respect to weak L'(R?) convergence. Because uj — v, — u — v in L'(R?)
we conclude here that Ecpi(u,v) < hkrg Lr;f Eep1 (g, v), thus w,v is a minimizer. Finally, the uniqueness result

comes from the fact that the admissible set K x K is convex w.r.t. linear interpolation zg = (1 — 0)zo + 0z; and
that the total free energy is jointly strictly convex in (u,v). O
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We remark that the squared distance term left aside in (3.3), the same line of argument would readily give
existence of a global minimizer of the total free energy £, which would result in the end in a least energy
stationary weak solution u,v to (1.1). Since our gradient flow system is driven by & one could expect long
time convergence u(t),v(t) — w,v when t — oo together with some convergence rates. However, the lack of
displacement convexity prevents here from applying standard techniques [2,11,30] and this is beyond the scope
of this paper. We refer to [6,7] for related results on similar PNP models.

In the next section we shall derive the discrete Euler—Lagrange equations satisfied by the minimizers, which
requires integration by parts as in (3.1). However, at this stage the minimizers only lie in L™(R?) if m > 1
and L'log L'(R%) if m = 1, and this manipulation is not justified. The discrete Euler—Lagrange equations are
necessary to pass to the limit as the time step h — 0 and to thereby obtain a solution to the PNP system. The
remainder of this section is devoted to improving the regularity of the minimizers of the discrete functional.

The argument is based on the flow interchange technique of Matthes et al. [26], as implemented by Blanchet
and Laurencot [8], as well as Laurencot and Matioc [10,22]. The idea of the flow interchange technique is that a
known gradient flow is sufficiently close, generally first order close, to the one under study so that it may be used
as an approximation with controllable error. We need to use this method twice, first to propagate the regularity
of the minimizers and then to establish some smoothness of their spatial gradients. The characterization of
gradient flow that is useful here is the so called Evolution Variational Inequality (EVI) for a functional F. Using
the notation to follow, a flow (@(t)) is a gradient flow in the EVI sense, [1,2], provided that

1d

2dt
Displacement convexity and the other detailed requirements for (3.4) to hold are discussed in the references just
cited. For our purposes we note that (3.4) is valid for

d2y (a(t), w) + F(a(t)) < F(w) for all w € P*(RY) and a.e. ¢ > 0. (3.4)

(1) solutions of 0y = Ad, the heat equation, with F = H, the Boltzmann entropy

H(a) = / tlogudzx and (3.5)
Rd
(2) solutions of 9yt = A (aP), the porous medium flow, with F = &,,1 < p < 0o, given by the functional
- 1 -
Sp(u) = E o Updx. (36)

Proposition 3.5 (Discrete propagation of LP estimates). Let m > 1, A as in (2.13), and further assume
that u,v. € KN LP(R?) for some p € (1,00). If 0 < h < ho(p) = m then the minimizer (u,v) from
Proposition 3.4 satisfies

1
Il ey + 1002y < T =gy (e g + 104 By ) (3.7)

In this first use of the flow interchange, we simply use the solution of (3.8) below as variations in the minimum
principle. Note that at this point the time step h must be taken small in terms of p for the minimizing problem
to “see” the estimate. As a consequence there is no hope to retrieve an L>°(R?) estimate at the discrete level
for fixed h directly from the limit p — oo in (3.7), since h < ho(p) would require h — 0. However, u, v will be
retrieved as some limit when h — 0, so one can actually take p arbitrarily large and the weak solutions will
ultimately satisfy such an L estimate. See the proof of Theorem 2.3 at the end of Section 5 for details.

Proof. For fixed p € (1,00) and u., v, € KN LP consider the auxiliary Porous Media flows @(t), 9(¢) defined by
Oyt = A (@P) in (0,00) x RY, =g = u in RY,

3.8
Oy = A(9P) in (0,00) x R?,  §|4—g = v in R% 35
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By standard results for the PME [34] we know that (i) these Cauchy problems are well posed and 4,0 €
C([0,00); L*(R%)) remain probability measures, (i) by L' — L> smoothing a(t), 9(t) € L>*(R?) for all ¢ > 0,
and (iii) the second moments remain finite. As a consequence u(t),9(t) € K are admissible for any ¢t > 0, and
by Proposition 3.2 it will be no issue to integrate by parts in the coupling term.

Step 1: Dissipation of the internal energy. We first claim that

t>0: %gdiﬂ‘('&, 0) <0, (3.9)

and we distinguish cases, m = 1 being the most involved.
m > 1: By usual properties [34] of the PME all the L4(R¢) norms are non-increasing along the PME flow, in

a7 m(Rd)) is nonincreasing in time.

particular Egig (U, v) = Lm®e) T [|9]

m = 1: Assume first that « is smooth and positive. Then by standard properties of the PME flow so is a(t) for
later times and, therefore, we get

4
i(/ ﬂlogﬂdx) :/ (1oga)Aanx=——/ IVaP/2|2dz < 0 (3.10)
de¢ R4 Rd P JRrd

m— 1

for t > 0. Thus t — H(u(t)) is nonincreasing.
If w is not smooth and positive we first regularize it by running the heat equation for small times

up =T *u — u,
k—o0

where [ is the usual heat kernel at time s. Since the heat equation is the H-gradient flow we have in particular
H(ur) < H(u), and of course uy is positive and smooth. Denoting by @(t) the solution of the corresponding
PME-flow 0;u, = Aaj, starting from uy, then the previous computation (3.10) shows that

Vt>0: H(ur(t)) < H(ug(0)) < H(u).

Since uy, — u in L*(R?), we get by standard L' contractivity of the PME that i (t) — @(t) in L*(R?) uniformly
in ¢ > 0 when k — oo, in particular weakly in L'(R?%). By lower semi-continuity of H with respect to weak L'
convergence we conclude that

VE> 00 H(@) < liminf H(a() < H(u).
— 00
Finally, by uniqueness of solutions to the PME flow with 4(0) = u we conclude that t — H(u(t)) is monotone
nonincreasing, and similarly arguing for v entails (3.9) as claimed.

Step 2: The remaining terms. Arguing by approximation [34] the potential energy is easily controlled for
t>0 as

d d

—Eext (U, V) = — u v = AaP AP

th (@, D) dt/Rd(uU—l—vV)dx /Rd[( a")U + (AP)V] dx

= / [aP AU 4+ 0P AV ] dz < A | (@ + o) dx. (3.11)
R4 R4

For the coupling term, let 9(t) = G * (& — ©)(t) and observe that for ¢t > 0 we have 8y = 9;[(—A) (i — 7)] =
(=) [0y(@ — D)] = —(@P — oP). Since u(t),v(t) € L>®(R?) for t > 0 we can legitimately integrate by parts

d B 1 9

et = 5 (5 [ 1voPas)

dt
/ D)0 de = —Ad(a—@).(ap—@p)dx <. (3.12)
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Note that, due to HV(EHLQ(W) = [[V(=A)" (@ — 0)| 2@ay = ||[i — 0| gr-1(ra), this is the well-known H~!
contraction property of the PME flow, see [34].

As for the Wasserstein term, note that @, 0 are respective gradient flows of the functional &,, (3.6), so
from (3.4),

1d N -
ohdi [dW(Ua u*)2 + dw (9, U*)z]
1 1
< p_ P P 5P) do. .
< G- Dh Rd(u* u)dx—l—(p_l)h Rd(v* o) dx (3.13)

Step 3: Dissipation inequality. Gathering (3.9), (3.11), (3.12), and (3.13), we get the total dissipation
inequality

d 0D 1 Py P 1 oP LGP
D(t) :== E}"h(u,v) < m/ﬂw(u*—kv*)dx— M/Rd(u +oP)dx

+A [ (@ +0P)dx = A(t)
Rd
for small ¢ > 0. Because (@(0),9(0)) = (u,v) is a minimizer we must have D(t) > 0 at least for a time sequence
tn \\ 0, otherwise (a(t),o(t)) would be a strictly better competitor for small ¢ > 0. If 0 < h < hg = ﬁ we
have 1 — A(p — 1)h > 0 and A(t,) > D(t,) > 0 can be rearranged as

D /D'p T ; Up ,UP T
/Rd [P (1) + 07(tn)] da < 1—A(p—1)h/Rd( P 4P da. (3.14)

Our statement follows by finally letting ¢, \, 0 in (3.14), recalling that (@(t),9(t)) — (u,v) in L'(R?) when
t— 0. g

We shall also need a further regularity result for the gradient of (u,v). The use of the flow interchange in this
estimate is very similar to its use in [8] for the critical parabolic-parabolic Keller—Segel model.

Proposition 3.6 (Discrete gradient estimate). For m > 1, d > 3, and any h > 0, fix z. = (us,vs) € P X P
and let z = (u,v) € K x K be the unique minimizer from Proposition 3.4. Then

m/2\ (]2 m/2\ (|2
IV (u / )HL?(Rd) +[|V(v / )HL?(Rd)
< 0[1 4 Hlue) —Hw) | ) = H) (3.15)
h h

for some C > 0 independent of h > 0 and z..
Proof. We use a second flow interchange with (t), v(t) now defined by

Oyt — A= 0in (0,00) x R, i)y—¢ = u in R? (3.16)
and

40 — Ab =0 in (0,00) x R, B|=g = v in R%. (3.17)

Step 1: Dissipation inequality. We first note that classical properties of the heat equation and @(0),9(0) € K
guarantee @(t), 9(t) € K for all t > 0. Let ¢ := G % (& — ©). Then it is easy to check that d,¢p = Ay as well.
Since the pair (u,v) is a minimizer and has finite energy we have in particular V4)(0) = Vi € L2(R?), whence
by standard properties of the heat equation sz(t) € L*(R%) and

d ~
FVPOl72 0 <0
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for all ¢ > 0. Since u, v are positive and smooth for all ¢ > 0 we may differentiate and integrate by parts as
m > 1:

d m

7E0) =—— (@™ A+ 9" AD) da + / (UAG+V AD) da

m—1 Rd Rd

d /1 ~ 2
+ E(Eva(t)HL%Rd))

4 m m
< - = (\wﬁ 24 |Vi% 2>dx+/ (WAU + 5 AV) da
m Jrd Rd
4 m m
< —— [ (V¥ P+ (995 ) do + | AU e uey + AV ] 1 ey (3.18)
m Jrd
and similarly
m=1: d
SE@) < —4/ (\va%P + |w%|2) dz + [ AU | poe ey + AV || o - (3.19)
Rd

Here (2.1) is used in the third inequality of both (3.18) and (3.19).

For m > 1, the above term =& [0, [V5? [2dz in (3.18) (dissipation of & (p) = —L5 [p. p™ da along dp = Ap)
corresponds to the usual Fisher information —4 [, |Vp2 |2de = 4 H(p) in the linear diffusion case (3.19), and
enjoys a formal continuity when m N\, 1. Comparing with (3.10) for p = m we also see that the dissipation of
‘H along the &,,-flow equals the dissipation of &,, along the H-flow, which is in fact the cornerstone of this flow

interchange technique.
Let

4 ~m m
D(t) = — (Ve () ey + [V5F Ol (e0 ) -

Integrating (3.18) or (3.19) from 0 to ¢ > 0 we get in both cases
¢
E((t),v(t)) — E(us,vs) < 2M — / D(s)ds, (3.20)
0

with A defined in (2.13). Because (3.16)—(3.17) are respective H-gradient flows, we again appeal to (3.4) to
obtain

LS (EA), ) = 5 S (@(0), 0) + & (0(0),0.)]

< H(us) — H(a(t)) + H(ve) — H(D(2))-
Integrating again and using the monotonicity of s \, H(@(s)) and s \, H(0(s)) along the flow with 2(0) = z
gives
1
2h
Since z is a minimizer we have by (3.3) and (3.20) that for small ¢t > 0

[ (3(t), 2.) — (2, 2)] < % [M(u.) — H(a(t) + Hv.) — HE0))).

0 < Fr(2(t)) — Fun(z)

L) — M) + H(vs) — H(

< —
= h 0

=3
—
~
N
R
+
]
>
~
I
S
—~
w
N
o,
®

which we reformulate as

(3.21)
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Step 2: The limit ¢t — 0. If

1" 1" w
Dy (t,z) == Z/ w? (s,x)ds, Dy(t, ) == Z/ 02 (s,x)ds,
0 0

we first note that @, o € C([0, 00); L™(R?)) as solutions of the heat equation with initial data in L™(R%), so that

Dy, Dy € C([0,00); L2(R?)). As a consequence D1 (t) — D1(0) = w2 and Dy(t) — D2(0) = v in L?(R?) when
t | 0. By (3.21) we find that VD;(t) and VDy(t) are bounded in L2(R?) and converge at least in D’(R%) to
V(ug) and V(v%) when ¢t — 0. Consequently, V(u%),V(v%) € L?(R?) and our statement follows from

.. 2 o 2
< B nf |V D1 (O gy + i inf [[VD2(0)]| 2 g
t
< %hﬂ%ﬁ% /0 D(s)ds

H(us) — H(u)  H(vs) — H(v)
h T > ‘

<1+

The last inequality comes from the limit ¢ N\, 0 in (3.21) with strong convergence (u(t),(t)) — (u,v), e.g. in
L' N L7 (R9), and suitable continuity of p — H(p). O

4. MINIMIZING SCHEME AND DISCRETE ESTIMATES

In this section, we shall construct a family of time-discrete approximate solutions using the JKO method,
also known as the variational minimizing movement scheme. A priori estimates for the set of discrete solutions

are necessary to allow us to deduce the existence of a time-continuous limit curve.

Fix an initial datum 2% = (u°,9%) as in (2.3) and some time step h > 0. Setting z,(lo) = 20, Proposition 3.4

allows us to define a sequence z,(ln) =( E:L), ’U}(Ln)) € K x K recursively as

z}(LnH) := the unique minimizer z of F} with z, = z,(ln) = (ugn), v,(ln))

and a corresponding piecewise-constant interpolation ¢t € [0, 00) — zp(t) as

zp(t) = z,(ln) for nh<t<(n+1)h.

The rest of this section is devoted to collecting the suitable a priori estimates on zj, suitable to pass to the limit
in A\, 0.

It is now standard to get the discrete energy monotonicity as in [16] that
Vn>0: S(z,gnﬂ)) < E(Z,Sn))

inasmuch as z,(l") is a competitor in the search for z,(InH). At the continuous level this reads as

E(zn(ta)) < E(zn(t)) < E(ZY) forall 0<t; <to.

Proposition 4.1. The total square distance and approximate Hélder estimates

1 2/ (n) _(n+1) 0 .
= < — .
5T n>0d (zh , 2y ) E(2Y) lcuxlgcg’ (4.1)

VO<ti <ty  d(zn(tr), 2n(ts)) < Clta —ty + b
hold for some C' > 0 independent of h > 0.

—
_,.J;
[\

—
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Proof. Note that since u’,v° € LY(R%) N L2¥/(@+1)(R?) we have in particular «® — o0 € L2¥/(@+2)(R4). By
Proposition 3.2 we have Vi = VG  (u® — v°) € L2(R%) and u°,v° has therefore finite energy. We also recall
from Proposition 3.3 that inf & > —oo, hence the right-hand side in (4.1) is finite (and of course independent

KxIK
of h > 0). The rest of the argument is by now very classical and we refer to [16]. O

Proposition 4.2. The piecewise constant interpolation satisfies

m > 1 :sup/ (up(t) +vpt(t)) dz < C
Rd

=0 (4.3)
m=1ssup [ (un@)|1ogun(0)] + 0n(0)] log (1)) d < €
t>0 JRd
and
sup/ |2|? (un(t) + vp(t)) dz < C (4.4)
t>0 JRd

uniformly in h > 0.

Proof. By energy monotonicity we have supS(uh ,v,& ) < &(u®,v°) < oo, which by Proposition 3.3 bounds
n>0

the internal energy and the second moments uniformly in h,n for the discrete sequence. This property extends
to the interpolation wy,(t), vy (t). O
In addition to the uniform control in Proposition 4.2, we also have

Proposition 4.3 (Continuous L? estimate). In addition to (2.3) assume that the initial data u®,v° € LP(R?)
for some p € (1,00), and let X as in (2.13). Then for h < ho(p) = sufficiently small we have

1
Alp—1)
V6205 [Jun()]] poggay + 00O gy < O (Il Lzogey + 10 o)

for some C > 0 independent of t, p, h, and the initial data.

Proof. Fix any t > 0, let k = |t/h], and recall that u(t) = uglk). By induction we immediately get from
Proposition 3.5
1 [t/h]
ooy + o0y < (T =) (1N + 10z

For small h > 0 this easily gives

-
lun ()l e @aey + lvn ()] Lr@ay < Cer'5 t(HuOHLP(Rd) + HUOHLP(Rd))

p—1
for some universal C' > 0. Since e*"7 ¥ < e the proof is complete. O

Proposition 4.4 (Approximate Euler—Lagrange equations). Fiz m > 1. Let Vq™ and Vr™ be the optimal
transport maps
u%nﬂ) = (Vq("))#ugl") and v("+1) (VT(")) U,S")

in Brenier’s Theorem 2.1, and %Sn) =G * (uzn) — v,(ln)) Then for any vector-field ¢ € C°(R%RY), we have
that

;L/ (Vg™ —1d,¢ o Vg™ )u Ej”dgc:/ (uﬁj‘“))mdivcdx—/ D gy, ¢) da
R4

Rd

- [ (45)
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and
1 m
. / (Vr(™ —1d, ¢ o VrM)p™dz = / (o)™ div ¢ da — / 0"V, ¢) da
R4 R4 R4
" / o TV ) da (4.6)
Proof. In order to simplify notations, we write below wu, = ugln), u = uEl"'H), Ve = v,(ln), v = v,(lnH), and

P = 1/1,(ln+1) =G x [uglnﬂ) - U,E"H)}. Fix an arbitrary vector-field ¢ € C°*(R?%, R?). For e € [, 4], let D.(z) be
the associated e-flow (i.e. dP./de = ((P.) and Py = Id), and let us consider the perturbation (of domain)

ue 1= (Pe) yu, ze = (ue, v).

Since z|e=o = z is a minimizer, computing the first variation % (Fn(2e))o—g = 0 will classically give (4.5).
Similarly considering ve = (@),v and 2. = (u,v.) will produce (4.6).

More precisely, differentiating the Wasserstein distance squared, the confining potential, and the diffusive
energy are by now classical computations [2]. However, differentiating the coupling energy is quite delicate here:
because we have to consider separate horizontal and vertical perturbations the nonscalar nature of the problem
induces a loss of symmetry. Formally the result should follow from

/Rd V| *dz = /R Ye(ue —v)dz = //RMW [ue — v](2)G(z — y)[ue — v](y) dady

and the classical computations for interaction energies, see [35]. But because we consider two components
independently it might happen that V. ¢ L?(RY) even though V¢ € L?(R%), and the above integration by
parts might not be legitimate. Moreover since VG is more singular than G itself, differentiating with respect
to € requires some extra regularity. This can actually be made rigorous using the propagation of the initial
regularity as follows. Since the initial datum u°,v° € L?*¥/(#+1)(R?) and the time step is small enough, we
have by Proposition 3.5 that u,v € L'(R%) N L2¥/ @+ (R4, and in particular u,u.,v € L*¥(4+2)(R?). Using
Proposition 3.2 we can therefore integrate by parts and expand with u. = (®.) LU

[owukar= [ w@)G@.@) o)) drdy
—2 //}Rd y u(z)G(Pe(z) — y)v(y) dedy + terms independent of €,

where the last equality follows by definition of the pushforward u. = (®.) »u. In order to differentiate under the
integral sign we only need L!(R¢ x R?) bounds such that

J[.. . w@[(V6@.(a) = 0.0)).C o 0.la) ~ ¢ 0 @y]uly) dady < €,
L w@|96(@.) = ). o) ot dady < €,
dyRd
uniformly as ¢ — 0. Because &, is close to Id for small ¢, ¢ € C§°(R?), and

_ < -
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this simply amounts to controlling

1
//RdXRd U(Z‘)WU(y) dxdy < C,
1
//R R u(m)mv(y) dzdy < C,
dwRd

which is valid by (HLS-3) with p = 2d/(d + 1) and u,v € L*>¥(@+1D(R9). As a consequence we can legitimately
compute with @5 = Id

i / Vielde), //R o, U@ (VG =), (@) = () uly) dady
-2 f / (VG — ). (@) o(y) dady.

Exploiting the symmetry VG(z — y) = —VG(y — ) we finally get

G [ vepas) =[] u@)(VG@ ). clplu— o) dudy
:/Rd w(V, () dx

as in our claim, and the proof is complete. O

The above restriction at initial data u°,1° € L2%/ (d+1)(Rd), which then is inherited by the solutions to later
times, is technically essential in order to differentiate under the integral sign with respect to e-perturbations
and retrieve the discrete Euler—Lagrange equations. Actually this restriction is not purely technical: in (1.1)
it seems natural to require the terms uV1), vV to be at least in L'(R?) at time ¢t = 0. If u°,v° are both in
LP(R%) for some p then the integrability for V4 coming from (HLS-3) is V4 € L%/(4=P)(R?), which is optimal
since HLS inequalities are. Solving for p’ = dd%; gives exactly the sharp p = 2d/(d + 1) exponent. Technically
speaking we had to assume initial L™ (R¢) regularity with slightly better but arbitrarily close ro > 2d/(d + 1).
This is needed for technical compactness issues, arising later on when we take the limit A — 0 to retrieve the
weak solution (u,v) = lim(up, vg).

In addition to being an approximate solution in the sense of the previous Proposition, the interpolation
(up,vp) satisfies

Corollary 4.5 (Continuous gradient estimate). Fiz m > 1. Then for all0 < h < T,

[V (un) /2HL2 hTiL2(Re)) T [V (vn) 2HL2(h,T;L2(Rd)) < O(T +1)7, (4.7)
and
[V (un)™ ||L2 LM (RAY) T [V (vn) ||L2(h T;L1(RA)) = <O(T+1)%, (4.8)
for some constant C' = C(u®,v°) > 0 independent of h.
Proof. For once the argument requires no distinction between m > 1 or m = 1. We only estimate the u

component because the computations are identical for v.
Since uZn/Q, Vuzl/z € L?(R%) we have

V(up)™ = Qu}?V(u,?) € LY(RY).
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Recalling that um/ (t) is actually bounded in L?(R?) uniformly in ¢ > 0 and h, clearly (4.8) will follow from (4.7)
and we only ebtabhsh the latter.

For fixed 0 < h < T let N = |T/h|, and recall that the interpolation zp(t) is piecewise constant. Multiply-
ing (3.15) by h > 0 and summing from n = 0 to n = N we obtain

T - (N+1)h ,
/h | (un)™ HLQ(Rd)dtS/h HV up(t)™ )‘

dt — Zth ”“))m/z‘

L2(Rd) LQ(Rd)
N—
< C( £ HO +HOY) = H() 1)) (49)

By Proposition 4.2 the second moments ms ( ) (v,&")) are bounded uniformly in ¢, h,n, hence by the
Carleman estimate (3.2) we see that —H (u; (N )) H(vy, (N ) < C in (4.9) and the proof is complete. O

We observe that another possible way to retrieve better gradient regularity is to estimate

/ div(Q)vy" dx
Rd

for arbitrary vector-fields ¢ € C2°(R%;R?) in the Euler—Lagrange equations (4.5)-(4.6), which would estimate
by duality Vup*, Vo;* € v (R%), see e.g. [29]. This approach would only improve the previous total variation
estimate if p < oo, so that (L (R%)) = LP(R?) and C>°(R%) is dense in LP. Unfortunately we are here in
a limiting situation where essentially uj, Vo, vV, € LY (R?) only, so this is not feasible. More precisely,
our assumption u%, 0% € L™0(R%) with ro > 2d/(d + 1) in fact does give slightly better u;, Vi, € L'*t9(R%)
integrability through HLS inequalities (for some 6 > 0 depending on r). But since ry could be arbitrarily close
to the critical 2d/(d + 1) exponent, 6 > 0 is arbitrarily small and we shall refrain from taking this technical
path.

/Rd div(Q)up' dz| + < Cl[¢ll e (ray

5. CONVERGENCE TO A WEAK SOLUTION

This section is devoted to the convergence of the previously approximated interpolating solution towards the
final weak solution, (u,v) = Air% (up,vp) in some suitable topology. Because of the quadratic interaction term

and nonlinear diffusion if m > 1 we will need the following strong convergence

Theorem 5.1 (Strong convergence). There is a discrete subsequence, still denoted h \, 0, and functions u,v
such that
up(t, ) — u(t,z) and vp(t,x) — v(t, x) a.e. in (0,00) x R? (5.1)

and

V1i<p<oo,1<g<ry: up, v, — u,v in LY ([0, 00); LY(RY)), (5.2)

loc

where ro > max{m,2d/(d+ 1)} is the initial integrability as in (2.3).

Observe in particular that ¢ = m and ¢ = 2d/(d + 1) are allowed in (5.2), which will be crucial in order to
pass to the limit in the Euler—Lagrange equations later on. Roughly speaking, L"(R%) integrability suffices to
guarantee L9(R?) convergence for all ¢ < r. Unfortunately ¢ = max{m, 2d/(d+ 1)} is a borderline case that we
could not treat, and this is why we needed to assume initial L™ (R?) integrability for some slightly better but
arbitrarily close 19 > max{m,2d/(d+ 1)}.
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Strategy of proof: We will use a compactness criterion in Bochner spaces from [32] that involves:

(i) boundedness in LP(0,T; X) for some strong X topology,
(ii) compactness in LP(0,7T;Y") for a weaker Y space,
(iii) a target intermediate L?(0,T; B) space with embeddings X CC B CY.

Note that X CC B will be achieved by space difference quotients and that the key ingredient to obtain
boundedness of {up, vy}, in the strong X topology is the gradient estimate from Corollary 4.5. Compactness
in LP(0,T;Y) will be ensured by an approximated time equi-continuity in some suitable W =" (R?) space.

We first collect some technical results and then establish Theorem 5.1. To begin with, for m > 1, we set

1 m—1
Gm ::1+W:1+ € (1,m). (5.3)
Then there exists 6,, € (0, 1) satisfying
1 1 1
— =(1=0,,)= +0,—, 5.4
= (1= 0,)] + O (5.4)
and we let 5
Pm = 2 > 1. (5.5)
O
If 7. denotes the usual shift operator in space
ecR?: Tew(z) := w(x —e),

we also define the weighted Nikolsk’ii spaces

X = {w € L™ (RY) : sup ||[7ew — w||Lam e\*% < o0, / || 7 |w
e€R? R4

Imdy < oo}

endowed with their natural Banach norms with 6,,/m < 1. By the Riesz—Fréchet—Kolmogorov Theorem we
have
X,, CC L% (R%).

We note that the above choice for p = py,, ¢ = ¢, 0 = 0, is purely technical so we shall go as little as possible
into details regarding their explicit values.
For the case m = 1 one should similarly use

Xy = {w e L'(RY) : Vw € L'(RY), /]R |z |2|w| dz < oo} cc LM(RY).

Since the related argument is fairly easy compared to the nonlinear case, in what follows we will omit the related
proof and focus on the nonlinear diffusion case and henceforth we assume m > 1. Compactness in space will be
ensured by

Proposition 5.2 (Compactness in space). Let p,q,0, X as in (5.3)—(5), and fir T > 0. Then for h > 0 small
enough we have

lunllzenr:x,) + vl Lon 1 x,) < C1

uniformly in h.
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Proof. For simplicity we write here p = py,, ¢ = G, 0 = 0, X = X, We first claim that
lun(®llx < C(1+ VU (O3 ) for t= b
Indeed since g € (1,m), it follows immediately from (4.3) that

unl Lo 0,005z (me)) < C.

Using (4.3), (4.4), and Holder inequality we estimate with ¢ = ¢, =1+ 1/m/

/Rd \x\%u%(t) dz = /Rd (uh(t)‘xﬁ)ﬁ up(t) dz

< ( / xzuh@)dx) "l ey < C.
Rd

Fixing e € R? and using the convexity inequality |a — b|™ < ||a|™ — [b|™| for a,b > 0, we get

m

lreun(®) = un O] oy = ( /R e t) - uh(t)|mdx>

< ([ 1m0 - upolas) ’

< Jel Y™ | Vup ()] g

By (5.4) and ||7eun(t) — un(t)|| L1 (ray < 2 we get by interpolation

1—

[reun(®) = un(®)] yaggay < [Ireun() = wn(®)]| 2oy - [reun(®) = an®)];

Lm (Rd)

A
m

6
Vuzn(t)’

SQ‘G E(Rd)’

thus (5.6) holds as claimed.

Taking now the LP(h,T) norm with p = p,,, = 2m/0 in (5.6) and using Corollary 4.5 finally leads to

m||2/
unllLen,rx)y < C (T =+ HVuh ]|L212h7T;L1(Rd))> < Cr.

The estimate for the v component is again identical.

Next, we turn to compactness in time in a weaker topology. We first have

Proposition 5.3 (Time-equicontinuity in Wosr' (R%)). Let s,r > 0 be large enough so that
Ws,r(Rd) C W1,2m’ (Rd) N W2700(Rd).
Then

un(t2) = un(t)||yy o + [[on(t2) = vn(t1) ||y e < CV/Jta —ta] + 1, 0 <ty <t

for some C = C,, > 0 independent of t1,t2 and h.
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(5.7)

Proof. The argument is very similar to ([8], Lem. 3), beginning with the calculation of the approximate 1/2-

Holder continuity of the sequence {uy(t)}. For indices 0 < n < n’ let Vg denote the optimal map from w,

to uzn/) so that uzn/) = (Vq)#ugn). Then

(w7 i) eto = [ (6(Vato) - o) uf (oo, € € C2(R).

(n)
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Expanding the integrand on the right,

§(z) = &(Vq(r)) =VE(Vq(x)) - (x — Vq(x))
+ O (lz = V(@) P V]| oo ey )

Hence
[ ()= [ igova- g as
R4 R
= / (Vq - 1d, V€ 0 Vgyu!™ dz
R4
+O(HV25HL°°(R°1))/ 1d - Vg*u" dz
Rd
= / (Vg —1d, V€ o Vo)u'™ de
Rd

+O(HV25HL°°(Rd)dW(U§«Ln) SL)) )

We further compute by Cauchy—Schwarz and Holder inequalities

< (/ Vg — Id\zugn) d:r) . </ |[VEo Vq|2u§1n) d:r)
R R

< d (uf)”, (”))(/ VePup) do)”

SdW(“Ezn)’ug«bn))H“h )HL"’ Rd)”‘vg‘ HLm (R4)

< de(uin),uh MIVElLame (Rd)s

/ (Vg —1d, V¢ 0 Vou'!™ dz
Rd

Given 0 < t1 < tg and Ny = [t1/h|, Na = |t2/h], from (4.1) and the Cauchy—Schwarz inequality we get

No—1
dw uh ,uh Z dw ugln),uglnﬂ)) <Cy/|ta —t1| +h
n=N1

and then

[ (unte2) — unten)€a| < € (1960 e gy o =BT+ 92t
With our choice W*" C W2m' 0 W2 and because h is small we finally obtain
<O (Vita =t +h+h) [€lwer
< Oyl —tl+ hligllwer.

Our statement follows by density of C>*(R9) in W*"(R?) and duality (str(Rd))/ = W= (RY). O

/Rd (un(tz) — un(t1))€ da

We are now in position to prove the desired convergence when h — O:

Proof of Theorem 5.1. Once again we only establish the result for the u component. Fix any 0 < § < T and let
q=Gqm,0 =0p,p=Dm, X =X, as in (5.3)—(5.5). Taking s, r large enough such that

w* T(Rd) cc Lloc(Rd)
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is compact. By truncation, a standard duality argument then ensures that
L™(RY N LYRY((1 + |2]?)dz) cc W7 (RY)

is also compact. By Proposition 4.2, we see that there is a fixed Wosr (R%)-relatively compact set K such that
up(t) € K for all ¢ > 0 and small h > 0. Therefore, we infer from Proposition 5.3 that a refined version of
Arzela—Ascoli (Thm. [2], Prop. 3.3.1) can be applied to conclude that there exists u € C([0,T]; W~=5"" (R%))
such that

VEe[0,T], un(t) —u®) in W (RY

for some (discrete) subsequence h \, 0, not relabeled here for simplicity. This pointwise convergence together
with the uniform L™(RY) N L'(R?, (1 + |z|?)dz) bounds and Lebesgue’s Dominated Convergence Theorem
therefore guarantee strong convergence

up — win LP(0,T; W=7 (R%)). (5.8)

By diagonal extraction we can moreover assume that u € C([0,00); W~"") and that (5.8) holds for all T > 0.
Choosing s, r large enough we can further assume that

X cc LYRY) c w (RY).

We recall from Proposition 5.2 that {u,}, is bounded in LP(4,T; X), and by (5.8) it is also relatively compact
in LP(6, T; W= (R%)). By ([32], Lem. 9) we conclude that {u} is relatively compact in the intermediate
target space, i.e. up — u in LP(3, T; L9(R%)) for some subsequence. By a diagonal extraction we may assume
that v is independent of §, T, and uj, — w in L}, (0, oo; L(R%)). Up to extraction of a further subsequence this
classically implies the desired pointwise convergence a.e. (¢,z) € (0,00) x R<,

Let us turn now to the L7 ([0,00); LY(R?)) convergence, and fix 1 < p < oo and 1 < ¢ < 79 as in our
statement (we recall here that ro > max{m,2d/(d + 1)} is the initial integrability u",v° € L"0(R%)). Once
again we only focus on the u component. Thanks to the previous (¢, x) a.e. convergence we shall apply Vitali’s
convergence theorem in fixed bounded intervals (0, T), and we only need to check that the sequence {uy, } is tight
and uniformly integrable in time and space. Tightness in time is obvious in bounded intervals, and tightness in

space is easily obtained by Young’s inequality

Vt>0: / uf |z[*dz = / ul™® (uplz|?) dz < C
R4 Rid N~ S————

eL/e)’  eri/e

uniformly in h,t for some suitably small € > 0. Here we used the uniform bounds on the second moment
ma(up) < C and ¢ —e < g < 1y to control [[up(t)?°|| a2y (gay by local uniform bounds [|un(t)||proraey) < Cr
(obtained by propagation of initial integrability, Prop. 4.3). The same propagation of integrability gives uniform
bounds ||u||Loe(0,7);L70rey < C, thus by immediate L'L" interpolation we obtain equi-integrability in the
form

‘|uhHLP+E(O,T;L‘1+E(Rd)) S CT
for ¢ > 0 suitably small (essentially such that 1 < q +¢ < r9). Applying Vitali’s convergence theorem gives

strong convergence u;, — u in LP([0,T); LY(R?)) as desired and the proof is complete. O

We can now prove our main result. The proof of Theorem 2.4 is identical to that of Theorem 2.3 so we only
establish the latter.
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Proof of Theorem 2.3.

Step 1: Convergence. Recall that uy,(t), vy, (t) € K for all £, h, and that K is L'-weak relatively compact. Using
the approximate 1/2 Holder equicontinuity (5.7) and applying the previous refined Arzela—Ascoli theorem, we
can extract a subsequence such that

Vt>0: up (t), vp (t) — u(t),v(t) in L*(RY)

for some u,v € C(0,T; P(R?)) and u(t),v(t) € K for all times. This entails the L>(0,T; L™(R%) N L*(R%)((1 +
|z|?)dx)) bounds. By standard truncation arguments we also get that u(t),v(t) are probability measures for all
times, and because d¥; is L.s.c for the L'-weak convergence we can moreover take the limit in (4.2) to deduce
that ¢t — wu(t),v(t) are 1/2-Holder continuous in (P, dyw ). Since uy(0),v,(0) = u° 1% we can take the limit
u(0),v(0) = u® 0%, which together with u,v € C'?([0,00); P) shows that the limit u,v satisfies the initial
condition at least in the sense of measures as desired.
We claim now that
Vi, Vot — Vu™, Vo™ in L2(6, T; L*(RY)) (5.9)

for all 0 < § < T, and also
Vu™, Vo™ € L*(0,T; L' (RY)).

To see this fix a test function ¢ € L%(8, T; L>°(R?)), and write for small h > 0

T T
/5 /Rd(VuZ’)gpdxdt :/5 /Rd Qvuhm/Q(uhM/2@) dadt.

By Corollary 4.5 and pointwise a.e convergence u; — u we can assume Vu;n/2 — Vu™? in L*(6,T; L*>(R%))
for fixed 0 < § < T, and by diagonal extraction we can assume that the limit Vu"/? is independent of §,7.
By (5.2) with ¢ = m < g it is easy to get uhm/2<p — u™2p in L2(5,T; L*(R%)). As a consequence we can pass
to the limit
T T T
/ / (Vup)pdzdt — 2/ vum/? (um/an) dxdt :/ Vu™pdxdt
s Jrd N0 s JRra 5 JRrd

to obtain (5.9). In particular by Corollary 4.5 we see that V0 < § < T', it holds

||vum||L2(6,T;L1(Rd)) = h}fl\igf ||vuhm||L2(6,T;L1(Rd))
<2 li}fl\igf ||“?/2||Loc(5,T;L2(Rd)) ||v“:zn/2 ||L2(5,T;L2(Rd))

<Cc@+1)Y?

uniformly in § > 0, whence Vu™ € L?(0,T; L*(R%)) for all T > 0.

For the drift terms, recall from (2.1) that VU(z), VV (z) are at least locally bounded. From Theorem 5.1
we have up, v, — u,v at least in L'(0,T; L*(R?)), thus up VU, v, VV — uVU,vVV in L'(0, 00; L}, .(R?)) when
tested with compactly supported functions (). Moreover by uniform bounds on the second moments and
linear behavior of VU, VV it is easy to check that the limit uVU,vVV € L>(0, 00; L'(R%)).

Regarding now the coupling terms uy, Vibp, v Vibp, note from (5.2) with ¢ = 2d/(d+ 1) < r¢ that we have
in particular uy, vy, — u,v in LP(8, T; L*¥/4+1(R4)) for all p € [1,00). By strong L%/ (4+1)(R4) — [24/(d=1)(R9)
continuity in (HLS-3) we thus obtain Vi, = (VG) * [up, — v4] — (VG) * [u—v] = V4 in LP(8, T; L/ (4=1D(R%))
for all p € [1,0), so by Holder inequality

wp, Vb, vopViby, — uVip, vV in LP(8,T; L*(RY))

for all p € [1,00) and 0 < § < T. Using the L>(§, T; L?¥/(@+1(R%)) bounds for uy, vy, this gives LP(§, T; L' (R?))
bounds uniformly in p > 1 and § > 0, thus uVy, vV € L>=(0,T; L*(R?)) C L2(0,T; L*(R?)) for all T > 0.
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Step 2: The weak solution. Fix any test-function ¢ € C*(R%) and 0 < Ty < Ty, and let Ny = |T1/h], Ny =
|T»/h]. Let Vq™ be the optimal map in ugnﬂ) = (Vq(”))#ugn). Expanding

p(x) — p(Vg'™ (2)) = (Ve(Vq™ (2))) - (x — Vg™ (2))
+O(|x_Vq(n)(l‘)\QHD2<PHL°°(R(1))~ (5.10)

Taking ¢ = V¢ in the Euler—Lagrange equation (4.5), and summing from n = N; to n = Ny — 1 we compute
by (4.1), (4.5) and (5.10) that

/Rd (un(T2) — up(Th))p dz = /R (u™ — uM) g da

No—1

CE i
n=N; R4
No—1
=2 / [po Vg™ —]u;” da
n=N; R4
No—1
= Z / (Vq(")—Id,Vgoqu(")Wzn) dx
n=N; Rd
Na—1
+ Y O(ID%¢l ey (uf), 1))
n=N1

Nz—1
= 3 [ [l = V) = V. V) o
n=N

+O(hHD2§0HL°°(Rd))~

Integrating by parts and exploiting (4.1), at the continuous level this becomes

O(h|[ D]l e (zty) + /

(un(T2) — un(T1))p da
Rd

N2h

== / [<V(Uh(t))mv V) + (VU, Vo)up(t) + up(t){(Vipn(t), Vnp)} dxdt.
Niho JRe

By step 1 we can take h — 0 as

1>
/ (w(T3) — u(Th)) pdz = / / (V™ V) +u(VU, V) + u(Ve, Vi) dadt
Rd 7, JRre

to obtain (2.8). The equation for v is similarly obtained.

Step 3: Energy bounds and further regularity. We first establish the energy bound (2.11). Arguing as
in step 1, using (5.2) with ¢ = 2d/(d + 2) < rg, and (HLS-3) it is easy to conclude that Vi, — V¢ in
LY (0,00; L?(R%)) for all p € [1,00). In particular V¥, () — V¥(¢) in L?(R?) and

loc
Eept(up(t),vp(t)) = Ecpi(u(t),v(t)) a.e. t > 0.

From the energy control ||V e (0,00;02(re)) < C We also have Vi) € L>(0, oo; L?(R9)). Similarly, from the
LP (0,00; LY(R%)) with ¢ = m < 7 it is easy to get

loc

Eait(un(t), vr(t)) — Ear(u(t), v(t)) a.e. t > 0.
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For the potential energy, we have 0 < uy(t,z)U(x) — u(t,z)U(z) a.e. z € R? for a.e. fixed t > 0, and similarly
for v, V. By Fatou’s lemma we conclude that

Eext(u(t),v(t)) < lihm_%lf Eext (un(t), vn(t)) a.e. t > 0.

Summing & = Eqit + Eext + Ecpt With E(up(t), v (t)) < E(u®,v%) at the discrete level finally entails the desired
energy bound (2.11). Note that the potential energy eyt is the most problematic term, because we cannot
a priori conclude equality Eext(u(t), v(t)) = Hm Eexs (un(t), v (t)) in the last display (in fact strong convergence
would imply convergence of the second moments, thus convergence in dy ). As a consequence we only retrieve
the one-sided inequality, and we are unable to conclude that the total energy is monotone nonincreasing in the
limit.

Turning now to the propagation of initial regularity (2.12), assume that the initial datum u°,v° € LP(R?) for
some p € [1,00]. If p < oo then Proposition 4.3 bounds up(t), vy, (t) in LP(R?) uniformly in h with exponential
control

tS}(l)P] (lun (@)l Lo ey + lvn @) rgay) < Ce™ (Hu0||LP(Rd) + ||UO||LP(Rd)) .
c|0,7

Up to extraction of a further subsequence we can assume that wup,v, — u,v in Li< ([0, 00); LP(R?)), which

immediately gives (2.12). If now u%,v° € L>®(R?) clearly (2.12) holds for arbitrarily large p. Our claim then
easily follows by letting p — oo and the proof is achieved. O

APPENDIX A.

For p > 1 let LP(R?) be the weak-LP spaces, which coincide with the usual Lorentz space LP°°(R%). The
natural Banach norm is

lwl| Lz, ey = W] r.co (ra) = ig}g{tl/pw*(t)}, (A1)

where w*(t) is the symmetric-decreasing rearrangement of w(x).

Proposition A.1. Denoting ® = (—A)~'w = G * w, the Dirichlet energy
w € LYRY) = Ep(w) = / V@2 dx € [0, +00]
Rd
is lower semi-continuous for weak L' convergence.

Proof. Let w,, — w in L'(R?). If liminf Ep(w,) = +oo our statement is trivial, so up to extraction of a
subsequence we may assume that liminf Ep(wy,) = lim Ep(w,) = C < +00, in particular we have that

lim [|[ V@, |72 (gay = liminf Ep (wy,) < +oc. (A.2)
Now since w,, — w in L'(R?) we see that w, is bounded in L'(R%), hence by(HLS-2),

HQ"HLﬁ/“—"”(Rd) < Cllwp[z1gay < C.

Since Lﬁ,/(d_Q)(Rd) = L[4/(d=2)0(Rd) = (Ld/z’l(Rd))/ is a topological dual we can also assume, by the
Banach—Alaoglu theorem, and up to a further subsequence, that

&, 2@ in LYED(RY).
By (A.2) and up to a subsequence we see that

As a consequence it suffices to prove that ¢ = G * w, since then Ep(w) = ||V¢||2L2(Rd) < liminf Ep(wy,).
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Set =G xw € Lg,/(dfz)(Rd) and let us prove that & — & = 0. Since —A®P,, = w, — w = —AP in L*(RY)

we have in particular that @ — @ is harmonic. Because harmonic tempered distributions are polynomials and
Li/(dN_z)(Rd) C S'(RY) we get that - € qu/(d_Q)(Rd) is polynomial. By (A.1) we see that the polynomial

b —

@ decays at infinity, hence @ — @ = 0 as claimed and the proof is complete. O
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